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Abstract 
This work presents a novel concept for CO2 absorption with an amine solution forming a precipitate when absorbing CO2. The 
systems consist of the sterically hindered amine, 2-amino-2-methyl-1-propanol, and an organic solvent, N-methyl-2-pyrrolidone 
or triethylene glycol dimethyl ether. The precipitate is formed when CO2 is absorbed and reacts with the amine. In order to design 
an absorption process using precipitating solutions, detailed knowledge on when and where the precipitate will form is needed. 
The onset of precipitation in four different amine solutions has been investigated in this work, and the composition of the 
precipitate was also determined using NMR spectroscopy. 
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1. Introduction 
Sterically hindered amines, such as 2-amino-2-methyl-1-propanol (AMP), are an interesting alternative to 
conventional amines used for CO2 capture, because the sterically hindered amines do not form stable carbamates [1, 
2]. In aqueous solutions the formation of bicarbonate is favored over carbamate formation [3-5]. If organic solvents 
are used instead of water the formation of bicarbonate cannot occur and the unstable carbamate is formed instead [2, 
6-8]. The carbamate formed is unstable because of the steric hindrance of the amine and is therefore easier to 
regenerate [5]. For the system presented in this paper, an organic solvent is utilized instead of water. In an organic 
solvent, with no water present, the hindered amine cannot react further to produce bicarbonate. This limits the 
loading to 0.5 mol CO2/mol amine due to stoichiometry. Because the carbamate formed is unstable, there are 
 
 
* Corresponding author. Tel.: +46 46 222 93 13; fax: +46 46 222 45 26. 
E-mail address: helena.svensson@chemeng.lth.se 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 Helena Svensson et al. /  Energy Procedia  63 ( 2014 )  750 – 757 751
advantages during regeneration of the amine solution. If the components of the mixed solvent are chosen properly, it 
is possible to obtain a system where the carbamate formed will not be dissolved in the solution but form a 
precipitate. The formation of a precipitate has been noted in several studies of AMP in organic solvents [2, 6, 9]. 
This precipitate can be separated from the solution, e.g. by filtration, and regeneration can be achieved with less 
solvent.  
The systems presented in this work consist of an organic solvent, N-methyl-2-pyrrolidone (NMP) or triethylene 
glycol dimethyl ether (TEGDME), and a reactant, 2-amino-2-methyl-1-propanol (AMP). These systems have shown 
the potential for sufficient regeneration of the amine at low temperature (70-90°C) compared to conventional 
amines [10]. Complete desorption of CO2 could be achieved at 75°C for the solution of AMP in NMP and at 90°C 
for the solution of AMP in TEGDME. This provides the possibility to use low-grade heat for the regeneration, 
which makes the CO2 absorption process more cost effective. Because an organic solvent is used, the AMP 
carbamate cannot react further and produce bicarbonate. The complex containing amine and carbon dioxide will 
then precipitate in the organic solvent as previously described. The following reaction mechanism describes the 
absorption of CO2 and its consequent reactions, including the precipitation of the carbamate. 
 
2 2( ) ( )CO g CO sol   (1) 
2 2 2( ) ( ) ( )CO sol RNH sol RNH COO sol  (2) 
2 2 3( ) ( ) ( ) ( )RNH COO sol RNH sol RNH sol RNHCOO sol  (3) 
3 3( ) ( ) ( )RNH sol RNHCOO sol RNH RNHCOO s  (4) 
 
Using a separation unit, the solid particles can be removed from the solvent and the resulting slurry, with a high 
concentration of precipitate, is pumped to the regenerator. The slurry is heated with waste heat, below 100°C, to 
regenerate the amine and release the carbon dioxide. As the slurry is highly concentrated, less energy is needed to 
heat the solvent, which increases the process efficiency. The possibility of obtaining pressurized carbon dioxide after 
regeneration has also been demonstrated (unpublished data). Heating to 85°C produces carbon dioxide at 6 bars 
pressure for the solution of AMP in NMP and carbon dioxide at 4 bars pressure for the solution of AMP in 
TEGDME. Fig 1 shows a simplified flowsheet of the proposed process. 
When and where the precipitate will form is crucial for the process design. If the precipitation is formed in a pipe 
or plugs the packing in the absorption tower it would cause serious problems. It is therefore important to know at 
what conditions the precipitation will form. For some systems it may be necessary to control the onset of 
precipitation, by the addition of chemical additives to support crystal formation, so that the process can be operated 
without problems. 
In previous studies the solubility and heat of absorption of CO2 in solutions of AMP and NMP or TEGDME have 
been determined [9, 11]. This work is focused on investigating at which conditions the precipitate is formed and 
what factors affect the onset of precipitation in the studied systems. Experimental data for solutions containing 
varying amounts of AMP at different temperatures were used and the onset of precipitation was determined [9]. The 
precipitates were also analyzed using NMR-spectroscopy. 
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Fig 1. Simplified flowsheet of the proposed CO2 capture process. 
2. Experimental procedure 
The experimental data used to study the onset of precipitation has been previously published in Svensson et al. 
[9]. The compositions of the solutions of interest for this work are presented in Table 1. The experimental procedure, 
true heat flow reaction calorimeter, and uncertainties have been previously described in detail [9, 11, 12] and only a 
brief description will therefore be given in Section 2.2.  
Table 1. Composition of the amine solutions used in the experiments (weight fractions). 
Amine solution AMP NMP TEGDME 
1 0.15 0.85 0 
2 0.25 0.75 0 
3 0.15 0 0.85 
4 0.25 0 0.75 
2.1. Materials 
The chemicals used were CO2, NMP, TEGDME and AMP. CO2 was obtained from AGA (≥ 99.99% pure), while 
NMP, TEGDME and AMP were obtained from Merck (purity min. 99%) and used as received without further 
purification. The solvent mixtures were prepared by weight, on a scale with an accuracy of 0.05 g for weights up to 
2000 g. 
2.2. Reaction calorimetry 
All experiments were performed using the CPA202 Chemical Process Analyzer from ChemiSens AB. A reactor 
made of glass and stainless steel with an effective volume of 250 cm3 was used in the experiments. The 
experimental setup is depicted in Fig 2. Before each experiment, the reactor was loaded with approximately 100 g of 
the amine solution. The reactor was then pressurized with nitrogen, to about 5 bar, to ensure that the reactor had 
been properly assembled and that no leaks would occur during the experiment. The solution was degassed by 
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lowering the pressure in the reactor to near vacuum, at approximately 25°C, with a filter pump before each 
experimental run. The vapor pressure of amine and solvent in the gas phase of the reactor is assumed to be constant 
and equal to the total equilibrium pressure before the first addition of CO2 to the reactor. The experiment was 
conducted at a constant temperature of 25 or 50°C. CO2 was introduced into the reactor via a Bronkhorst Hi-Tec 
mass flow controller. An automation script was used to control the experiments. This script seeks stability in 
pressure and true heat flow between each addition of CO2. The maximum deviation in the pressure and true heat 
flow were required to be below ± 0.01 bar and ± 0.02 W, respectively, for 30 minutes, in order for the system to be 
considered to be at equilibrium. The pressure in the reactor, the amount of CO2 added to the reactor and the heat 
flow from the reactor was continuously logged during the experiments. 
The amount of CO2 absorbed in the solution was calculated according to Eq. (5). 
2
2 2( ) ( )
CO
abs added
P V
CO CO
RT
  (5) 
where (CO2)added is the amount of CO2 added to the reactor, V is the reactor head space volume, over the amine 
solution, R is the molar gas constant and T is the temperature. 
The CO2 loading of the amine solution was defined as the amount of CO2 absorbed (moles per mole of amine in 
the solution) according to Eq. (6).  
2
0
( )
( )
abs
AMP
CO
C
  (6) 
 
 
Fig 2. Schematic of the experimental setup used in the study. MFC denotes the mass flow controller, F the flow signal from the MFC, T the 
temperature signal, P the pressure signal and Q the true heat flow signal logged continuously during each experiment. The VRC and control unit 
controls the MFC and collects all signals during an experiment. 
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Two independent experiments were performed with each solution at each temperature. Each experiment 
consisted of five to eight equilibrium points. The main sources of uncertainty in the experimental data are associated 
with the amount of CO2 added to the reactor. The uncertainty in the amount of absorbed CO2 was determined to be 
± 0.9%. The average standard deviation for the solutions of AMP in NMP was calculated to ± 0.9 kPa. For the 
solutions of AMP in TEGDME the average standard deviation was ± 2.4 kPa at 50°C and ± 5.0 kPa at 25°C. For the 
pure solutions of NMP and TEGDME the average standard deviation was calculated to ± 2.5 kPa. 
2.3. 13C-NMR measurements 
The precipitates formed in the solutions of AMP in NMP and AMP in TEGDME were filtered and dried under 
vacuum for three days. Traces of residual solvent was still present in the sample formed in the solution of AMP in 
TEGDME and this precipitate was therefore washed with hexane, filtered and then dried under vacuum for three 
days. 
One dimensional (1D) cross polarisation magic angle spinning (CP-MAS) 13C NMR experiments were 
performed at 296 K on a Bruker Avance II 500 MHz spectrometer, using a 4 mm (13C/31P/1H) E-free CP-MAS 
probe. The spectra were acquired using a spectral width of 301 ppm and an acquisition time of 20 ms, under 68 kHz 
TPPM 1H decoupling. 128 scans were accumulated with a recycle delay of 5 s. A spinning speed of 5000 Hz was 
used, and CP was performed with a contact time of 1 ms, a 13C B1 field of 72.6 kHz and a linearly ramped 1H B1 
field from 64.5 to 80.6 kHz. The acquired data were processed using a line broadening of 25 Hz and zero filled to 8k 
before Fourier transformation. The 13C chemical shifts were externally referenced to solid -glycin at 43.67 
ppm. 
3. Results 
3.1. Precipitation in amine solutions 
The result for the onset of precipitation for the four solutions studied varied significantly for the solutions of 
AMP in NMP and the solutions of AMP in TEGDME [9]. For solutions containing 15 wt% AMP in NMP the onset 
of precipitation at 25°C differed significantly between the two experiments performed. Precipitation was first 
observed at CO2 loadings of 0.35 and 0.52 mol CO2/mol AMP respectively. The difference in onset of precipitation 
is most likely due to the fact that the solutions of AMP and NMP were supersaturated with AMP carbamate, and 
thus highly sensitive to impurities present in the reactor that brought on precipitation. For the experiments 
performed with solutions of 15 wt% AMP in NMP at 50°C no precipitate was formed during the experiments. After 
the completion of the experiments the reactor was cooled to room temperature and precipitation occurred in the 
reactor. The precipitate started to form when the temperature had been decreased to approximately 45°C. For the 
solutions containing 25 wt% AMP in NMP, a precipitate was formed at CO2 loadings of 0.26-0.29 mol CO2/mol 
AMP at 25°C and for CO2 loadings of 0.20-0.22 mol CO2/mol AMP at 50°C. 
In order to study if the amount of solvent has an effect on the onset of precipitation the amount of absorbed CO2 
per kg of solvent when precipitation occurred was calculated for the experiments performed on the solutions given 
in Table 1. The results are shown in Table 2.The results show that for the 15 wt% AMP in NMP solution at 25°C 
precipitate is formed at 0.69 and 1.0 mol CO2 absorbed/kg solvent. For the 25 wt% AMP in NMP solution at 25°C 
the precipitate is formed at 1.0 and 1.1 mol CO2 absorbed/kg solvent. At 50°C the amount of CO2 absorbed per kg 
solvent for the 25 wt% AMP in NMP solution was 0.75 and 0.84 mol CO2/kg solvent. For the solution of 15 wt% 
AMP in NMP at 50°C no precipitate was formed during the experiments, but the amount of CO2 absorbed per kg 
solvent, at the end of the experiments, was calculated to 0.67 and 0.99 mol CO2/kg solvent respectively. These 
values suggest that if the amount of CO2 absorbed per kg of solvent exceeds 1 mol/kg solvent a precipitate will form 
in the supersaturated solutions of AMP in NMP. 
For solutions containing 15 and 25 wt% AMP in TEGDME precipitation occurred at much lower CO2 loadings at 
both temperatures, 0.018-0.036 mol CO2/mol AMP. The corresponding amount of CO2 absorbed per kg solvent 
when precipitation occurs was also lower for all experiments performed on the solutions of AMP in TEGDME, 
specifically 0.05-0.09 mol CO2/kg solvent.  
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Table 2. Amount of CO2 absorbed per kg of solvent, when precipitation forms, for the studied amine solutions. 
Amine solution Temperature mol CO2/kg solvent 
1. 15 wt% AMP in NMP 25°C 0.69 1.0 
 50°C 0.67* 0.99* 
2. 25 wt% AMP in NMP 25°C 1.1 1.0 
 50°C 0.84 0.75 
3. 15 wt% AMP in TEGDME 25°C 0.07 0.05 
 50°C 0.06 0.07 
4. 25 wt% AMP in TEGDME 25°C 0.09 0.08 
 50°C 0.07 0.07 
 *no precipitation formed at this amount of CO2 absorbed. 
 
There is thus a clear difference in onset of precipitation of the AMP carbamate between the two solvents included 
in the study. The solutions of AMP in NMP, at both temperatures studied, all show signs of being supersaturated 
before precipitation occurs in the solutions. This phenomenon is not observed in the solutions of AMP in TEGDME, 
where precipitation occurs at very low CO2 loadings and very low CO2 concentrations in the solvent. This suggests 
that the difference in onset of precipitation is due to the solvents ability to stabilize the precipitate, either in 
dissolved or solid form. 
3.2. 13C-NMR measurements 
The precipitates, formed during absorption of CO2 in the solutions of AMP in NMP and AMP in TEGDME, were 
analyzed using NMR-spectroscopy. The precipitates formed in both solvents were identified as the AMP carbamate. 
The NMR-spectrum for the AMP carbamate formed in NMP can be seen in Fig 3, and that of the carbamate formed 
in TEGDME in Fig 4. The 13C-NMR spectrum attained for the AMP carbamate formed in NMP, Fig 3, is similar to 
that obtained by Barzagli et al. [6] for the AMP carbamate formed in 1-propanol. For the AMP carbamate formed in 
TEGDME the 13C-NMR spectrum, Fig 4, deviates from that of the carbamate formed in NMP. The peaks 
corresponding to the alcohol groups (-CH2OH) are shifted to the right and the methyl groups (-CH3) are also shifted 
to the right and partly overlap for the AMP carbamate formed in TEGDME compared to the carbamate formed in 
NMP. The difference in intensity suggests that three of the methyl groups for the AMP carbamate formed in 
TEGDME overlap each other, while all four methyl groups are visible in the spectrum for the AMP carbamate 
formed in NMP. Both precipitates formed in the solvents NMP and TEGDME have been determined to be 
crystalline. The difference in the two spectrums for the carbamate formed in NMP and TEGDME thus suggests that 
the carbamate formed in TEGDME has a different crystal structure than that of the carbamate formed in NMP. The 
AMP carbamate has previously been determined to have a monoclinic crystal structure [13]. This result was also 
obtained by Barzagli et al. [6] for the AMP carbamate formed in 1-propanol. The difference in crystal structure may 
be caused by interactions between the solvent and the formed AMP carbamate but further investigations are needed.  
4. Conclusions 
This work presents results on when precipitation in solutions of AMP in NMP or TEGDME will occur, as CO2 is 
absorbed and reacts with the amine. The precipitates formed were analyzed with NMR spectroscopy and identified 
as the AMP carbamate. 
The onset of precipitation varied significantly for the two solvents used in the amine solutions. For the solutions 
of AMP in TEGDME precipitation occurred directly after the first addition of CO2 to the reacting system, at very 
low CO2 loadings. The solutions of AMP in NMP displayed a different behavior and the onset of precipitation 
varied for different AMP content and temperature, with respect to the CO2 loading. 
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Fig. 3. Solid state 13C CP-MAS NMR-spectrum of AMP carbamate formed in NMP 
 
 
Fig. 4. Solid state 13C CP-MAS NMR-spectrum of AMP carbamate formed in TEGDME 
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When the amount of CO2 absorbed per kg of solvent was calculated it was found that none of the solutions of 
AMP in NMP, with a CO2 concentration of 1.1 mol CO2/kg solvent were without precipitate. NMP seems to be able 
to stabilize the dissolved precipitate up to this concentration although precipitation may occur at lower 
concentrations due to the supersaturated state of the liquid, making it highly sensitive to impurities present or 
disturbances causing precipitation. 
The NMR spectrums for the two analyzed samples of precipitate formed in NMP or TEGDME displayed some 
differences from each other. The differences in peak values may be explained by different crystal structures of the 
precipitates, since they are both crystalline, but further investigations are necessary. 
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